Background: We aimed to evaluate whether EGFR mutations (mEGFR) and KRAS amino acid substitutions can predict first site of recurrence or metastasis after non-small-cell lung cancer (NSCLC) surgery.
Despite many advances in cancer management, lung cancer, with a 5-year overall survival (OS) rate not exceeding 15%, remains the leading cause of cancer-related deaths worldwide (Bossard et al, 2007) . Even in patients who will benefit from surgery, prognosis is not favourable, typically due to the risk of thoracic and extrathoracic recurrence and metastasis (Izar et al, 2014) . In many cases, metastases are diagnosed too late, thereby preventing these patients from receiving the benefits of additional surgical therapy. It is now accepted that after thoracic surgery for non-small-cell lung cancer (NSCLC), patients should receive a thoracic computed tomography (CT) scan every 6 months during the first 2 years, and then annually for at least 5 years (Vansteenkiste et al, 2014) . However, no recommendations have been made concerning follow-up for brain, bone, liver or adrenal gland metastasis. Indeed, these locations are only typically explored in cases of symptoms, or during the subsequent staging of a thoracic recurrence.
Consequently, these tumours are frequently diagnosed in multimetastatic patients and are not mitigated by local treatment, such as stereotactic radiation therapy or radiofrequency ablation, which are known to increase OS compared with conventional chemotherapy (Yano et al, 2014) .
Recent years have seen an increased understanding of the molecular alterations of cancer cells, and several oncogenic drivers of NSCLC have been identified. These advances have allowed clinicians to adapt medical therapies and achieve, in some cases, significant increases in both disease-free survival (DFS) and OS (Roviello, 2015) . Particularly, in metastatic NSCLC, the prognostic and predictive value of epidermal growth factor receptor (EGFR) and V-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue (KRAS) mutations are clearly defined. Indeed, it is now widely known that EGFR mutations (mEGFR) are associated with improved prognosis and prolonged OS and DFS due to the sensitivity of these tumours to EGFR tyrosine kinase inhibitors (Liu et al, 2016) . On the contrary, KRAS mutations (mKRAS) are resistant to targeted therapies and are associated with a poor prognosis (Pan et al, 2016) . However, it should be noted that the prognostic values of these two mutations on resected NSCLC are not clearly defined (Marks et al, 2008; D'Angelo et al, 2012; Izar et al, 2014; Renaud et al, 2015b) . Specifically, the only published meta-analysis of mEGFR contains multiple biases (EGFR mutation rate 425% in 14 studies, not reflecting mutation rates in Caucasian populations; 16 studies of Asian patients; and studies of various stages of NSCLC; Zhang et al, 2014b) . Nevertheless, previous reports have demonstrated that specific KRAS amino acid substitutions are associated with the activation of different downstream signalling pathways and, consequently, with different clinical behaviours (Ihle et al, 2012) . Specifically, depending on the particular KRAS amino acid substitution, cancer cells may respond differently to radiotherapy and/or chemotherapy (Garassino et al, 2011; Janne et al, 2015; Mellema et al, 2015; Renaud et al, 2016) and harbour different prognoses after lung cancer surgery (Renaud et al, 2015b) . Furthermore, in colorectal cancer, cancer cells harbouring KRAS mutations are more likely to metastasise to the lung (Renaud et al, 2015c; Shindoh et al, 2016) . However, no study has examined the ability of mEGFR and specific KRAS amino acid substitutions to predict site-specific recurrence and metastasis following NSCLC surgery.
We thereby aimed to evaluate whether mEGFR, and more particularly, KRAS amino acid substitutions, were associated with different site-specific recurrence and metastasis patterns after thoracic surgery for NSCLC.
MATERIALS AND METHODS
The Ethics Committee of the French Society of Thoracic and Cardiovascular Surgeons approved this study (Agreement number: CERC-SFCTCV-2016-2-29-16-57-5-ReSt). The studied population was a part of a cohort published elsewhere and consisted of 841 patients who received NSCLC surgery with curative intent in the Department of Thoracic Surgery at Strasbourg University Hospital (France), from January 2007 to December 2012 (Renaud et al, 2015b) . We focused on the 481 patients who experienced thoracic or extra-thoracic recurrence and metastasis after surgery.
Molecular analysis, neo-adjuvant and adjuvant treatment regimens, pre-operative staging and thoracic surgery procedures were performed as previously published (Renaud et al, 2015b) .
Covariates and data collection. Baseline patient characteristics were collected, including age, sex, smoking history, and history of neo-adjuvant and adjuvant therapy. The Charlson comorbidity index (CCI), which incorporates 19 chronic diseases weighted according to their association with mortality, was calculated for each patient. We grouped patients into the following established categories according to their total CCI score (Charlson et al, 1987) : 0 (no comorbidity); 1-2 (average); 3-4 (moderate); and X5 (severe). Smoking status was characterised as never smoker, o100 cigarettes in their lifetime, a former smoker who quit 41 year before diagnosis and a current smoker with an ongoing smoking habit or who quit o1 year before diagnosis. Wild-type (WT) patients were defined as those harbouring neither mEGFR nor mKRAS.
Tumour stage was categorised according to the recommendations of the seventh edition of the American Joint Committee on Cancer Staging Manual. Histopathological characteristics, namely, angio-invasion, R0/R1/R2 and the number of N2 stations involved, were included. Skip metastases were defined as N2 involvement without N1. Microscopic N2 was defined as nodal metastases ranging from 0.2 to 2 mm in diameter, as previously published (Garelli et al, 2016) . Lymph node ratio (LNR) was defined as the ratio of the number of lymph nodes invaded to the total number of resected lymph nodes and categorised according to published guidelines as LNRo1/3 and LNRX1/3 (Renaud et al, 2015a) .
Patients were assessed for both local and distant recurrence and metastasis, as well as time to recurrence (TTR). Surgical follow-up consisted of a thoracic CT scan every 6 months during the first 2 years after surgery, and then annually for the remainder of life. In case of recurrence, positron emission tomography scans and brain imaging were performed in order to identify distant metastases. Bone X-rays, brain MRIs or CT scans, abdominal CT scans, and cardiac ultrasonography were performed first only if symptoms were reported. Patients were then categorised according to the site of first recurrence or metastasis: lung, brain, liver, bone, pleuro-pericardial or adrenal gland. In the case of pulmonary or thoracic lymph node recurrence, patients were included in the 'lung group'. In addition, if recurrence or metastasis occurred both in the lung and at other sites simultaneously at the time of diagnosis, the lung was still considered the first site of recurrence, and patients were included in the 'lung group'. Pleuro-pericardial recurrence was defined as pleural and/or pericardial biopsies with histopathological proof of relapse and/or as positive cytology. The date of recurrence or metastases was defined as the first radiographic evidence of cancer relapse upon imaging and/or pathological tumour evidence from a biopsy. The TTR was defined as the time from surgery until the first diagnosis of recurrence or metastasis upon imaging or from biopsy specimens.
Statistical analysis. IBM SPSS (Armonk, NY, USA) v.20 was used for statistical analyses. Comparisons between groups were performed with w 2 , Fisher or Student's t-tests as appropriate. Cramer's V was used to evaluate correlations between qualitative variables. A multivariate analysis with stepwise logistic regression to predict the first site of recurrence or metastasis was performed for P-values o0.2 in the univariate analysis. All tests were twosided, and the results were considered significant for Pvalueso0.05. The prognostic influence of mutational status on TTR was assessed using the log-rank test.
RESULTS
Median follow-up time was 39 months (min: 8 months, max: 80 months). Mean age at time of thoracic surgery was 63.39 years ( ± 11.52). Demographic data of the population are presented in Tables 1 and 2 . With respect to mutational status, KRAS mutations were observed in 196 patients (41%). Specifically, we observed 2 G12A mutations (1%), 91 G12C mutations (46%), 4 G12D mutations (2%), 1 G12F mutation (1%), 3 G12S mutations (2%), 85 G12V mutations (43%), 9 G13C mutations (5%) and 1 G13D mutation (1%). In addition, we also observed 27 EGFR mutations (6%): 1 exon 18 (G791C, c.2155G4T) mutation (4%), 11 exon 19 deletions (48%), 4 exon 20 (G796S, c.2386G4A) mutations (17%), 10 exon 21 (4 L858R) mutations (43%) and 1 case where exon 21 (L858R) and exon 20 (T790M) were both mutated (4%).
Recurrence and metastasis. In this cohort, we had previously published that the median TTR was significantly lower for patients with mKRAS compared with WT individuals and mEGFR (P ¼ 0.01), and that type of mEGFR did not significantly influence TTR (P ¼ 0.97; Renaud et al, 2015b) .
Here we focused on specific KRAS amino acid substitutions. Because KRAS mutations other than G12C and G12V were only observed in few patients, we decided to categorise them into an 'other KRAS mutations' group. Median TTR was significantly different according to the type of KRAS amino acid substitution. Specifically, median TTR was calculated to be 24 months (95% confidence interval (CI): 21.92-26.07) for patients with G12C mutations, 17 months (95% CI: 14.09-19.91) for patients with Site of first recurrence or metastasis. Sites of first recurrence or metastasis were significantly different according to tumour mutational status (Po0.0001). Six patients (1.3%) were diagnosed with both lung and other organs metastasis, and were included in the 'lung group'. Data are compiled in Table 3 . Data regarding the variables used to predict the recurrence site or metastasis in the univariate analysis are presented in Table 4 . Bone metastasis. A total of 118 patients (25%) experienced bone metastasis as the site of first recurrence.
In the univariate analysis, the risk of bone metastasis was higher in patients with G12C mutations compared to all patients in the remainder of the cohort (odds ratio (OR): 7.434 (95% CI: 4.524-12.217), Po0.0001). Specifically, 59% of G12C patients experienced a bone metastasis as the first site of recurrence, compared with 16% of patients in the remainder of the cohort (Po0.0001). In addition, angio-invasion (OR: 0. In the multivariate analysis, only non-G12C status (OR: 0.113 (95% CI: 0.055-0.231), Po0.0001) and LNRo1/3 (OR: 3.715 (95% CI: 1.268-10.882), P ¼ 0.02) were independent predictive factors of bone metastasis.
Liver metastasis. A total of 60 patients (12%) experienced liver metastasis as the site of first recurrence.
In the univariate analysis, the risk of liver metastasis was higher in cases of mEGFR (OR: 3.82 (95% CI: 1.575-9.265), P ¼ 0.005). Specifically, 30% of patients with mEGFR experienced liver metastasis as the first site of recurrence, compared with 10% of patients in the remainder of the cohort (P ¼ 0.006). In addition, only angio-invasion (OR: 0.49 (95% CI: 0.266-0.902)) significantly impacted the risk of liver recurrence. Other variables such as gender (P ¼ 0.81), thoracic LNI (P ¼ 0.51), neo-adjuvant treatment (P ¼ 0.16), adjuvant treatment (P ¼ 0.57), LNR (P ¼ 0.09), R0 resection (P ¼ 0.64), skip-N2 (P ¼ 0.82) and microscopic N (P ¼ 0.97) did not significantly affect the risk of liver recurrence. In the multivariate analysis, only the absence of mEGFR (OR: 0.333 (95% CI: 0.095-0.998), P ¼ 0.05) could independently predict the liver as the first site of recurrence.
Brain metastasis. A total of 51 patients (11%) experienced a brain metastasis as the first site of recurrence.
In the univariate analysis, the risk of the brain being the first site of recurrence was significantly higher in patients with mEGFR (OR: 19.017 (95% CI: 8.03-45.035), Po0.0001). Specifically, 59% of patients with mEGFR mutations experienced brain metastasis as the first site of recurrence, compared with 1% of patients in the remainder of the cohort (Po0.0001). In addition, in the univariate analysis, the risk of brain metastasis was significantly higher in patients with microscopic N (OR: 5.319 (95% CI: 1.949-14.514), P ¼ 0.001). However, gender (P ¼ 0.06), thoracic LNI (P ¼ 0.47), angio-invasion (P ¼ 0.1), R0 resection (P ¼ 0.62), neo-adjuvant treatment (P ¼ 0.2), adjuvant treatment (P ¼ 0.36), LNR (P ¼ 0.39) and skip-N2 (P ¼ 0.5) did not significantly impact the risk of brain metastasis.
In the multivariate analysis, only the absence of mEGFR (OR: 0.032 (95% CI: 0.008-0.135), Po0.0001) could independently predict the brain as the first site of recurrence.
Pleuro-pericardial recurrence. A total of 128 patients (27%) experienced pleuro-pericardial metastasis as the first site of recurrence.
In the univariate analysis, the risk of the pleuro-pericardial region being the first site of recurrence was significantly higher in patients with G12V mutations (OR: 113.306 (95% CI: 43.745-293.482), Po0.0001). Specifically, 94% of patients with G12V mutations experienced pleuro-pericardial metastasis as the first site of recurrence, compared with only 12% of patients in the remainder of the cohort (Po0.0001). In addition, in the univariate analysis, the risk of the pleuro-pericardial region being the first site of recurrence was significantly higher in patients experiencing thoracic LNI (OR: 3.568 (95% CI: 2.245-5.67), Po0.0001), angioinvasion (OR: 7.048 (95% CI: 4.437-11.195), Po0.0001), adjuvant treatment (OR: 3.526 (95% CI: 2.209-5.630), Po0.0001) and LNRX1/3 (OR: 17.76 (95% CI: 9.553-33.017), Po0.0001). However, gender (P ¼ 0.66), neo-adjuvant treatment (P ¼ 0.33), skip-N2 (0.59), R0 resection (P ¼ 0.94) and microscopic N (P ¼ 0.39) did not significantly impact the risk of pleuropericardial metastasis.
In the multivariate analysis, only non-G12V mutational status (OR: 0.007 (95% CI: 0.001-0.031), Po0.0001) was an independent predictive factor of pleuro-pericardial recurrence.
Lung recurrence. A total of 112 patients (23%) experienced lung metastasis as the first site of recurrence.
In the univariate analysis, the risk of the lung being the first site of recurrence was significantly higher in case of WT status (OR: 4.53 (95% CI: 2.742-7.484), Po0.0001). Specifically, 35% of WT patients experienced lung metastasis as the first site of recurrence, compared with 10% of patients in the remainder of the cohort (Po0.0001). In addition, there was a negative correlation between G12V status and the risk of lung metastasis (Cramer's V: À 0.242, Po0.0001). This result was confirmed in univariate analysis (OR: 0.031 (95% CI: 0.004-0.222), Po0.0001), as only 1% of G12V patients developed lung metastases compared with 28% of patients in the remainder of the cohort (Po0.0001). Furthermore, the risk of lung recurrence was significantly impacted by thoracic LNI (OR: 0.428 (95% CI: 0.344-0.809), P ¼ 0.004), adjuvant treatment (OR ¼ 0.542 (95% CI: 0.354-0.83), P ¼ 0.006) and LNR (OR: 0.187 (95% CI: 0.077-0.457), Po0.0001). However, gender (P ¼ 0.97), angio-invasion (P ¼ 0.09), R0 resection (P ¼ 0.75), neo-adjuvant treatment (P ¼ 0.79), skip-N2 (P ¼ 0.59) Adrenal gland metastasis. A total of 16 patients (3%) experienced adrenal gland metastasis as the first site of recurrence.
Tumour mutational status did not significantly impact the risk of the adrenal glands being the first site of metastases (P ¼ 0.13). Specifically, G12V (P ¼ 0.12), G12C (P ¼ 0.76), EGFR (P ¼ 0.68) and WT (P ¼ 0.65) status did not significantly impact the risk of adrenal gland metastasis. Only skip-N2 (P ¼ 0.04) significantly impacted the risk of adrenal gland metastasis. However, because 100% of patients exhibiting skip-N2 metastasis also developed adrenal gland metastasis, an OR could not be calculated. Furthermore, gender (P ¼ 0.59), thoracic LNI (P ¼ 0.47), angioinvasion (P ¼ 0.75), neo-adjuvant treatment (P ¼ 0.72), adjuvant treatment (P ¼ 0.53), LNR (P ¼ 0.11), R0 resection (P ¼ 0.71) and microscopic N (P ¼ 0.64) did not significantly impact the risk of adrenal gland metastasis.
In the multivariate analysis, no independent predictive factors of adrenal glands metastasis were identified.
DISCUSSION
Metastasis and recurrence of NSCLC following lung surgery remains an important cause of death in these patients. It is now accepted that patients presenting with oligometastatic disease experience better prognoses (Ashworth et al, 2014) . Indeed, this subgroup of patients can benefit from locoregional treatments, such as surgery or radiofrequency ablation (Yano et al, 2014) . However, in the large majority of cases, recurrences and metastasis are diagnosed too late when patients have developed multimetastatic disease and can only benefit from chemotherapy. These outcomes may be attributed to the fact that following thoracic surgery, all patients receive follow-up imaging at the same frequency, only focusing on thoracic field. However, a growing number of publications are highlighting that many tumour types, including NSCLC, are heterogeneous and therefore exhibit different clinical behaviours (Roviello, 2015) .
Interestingly, it appears that in mEGFR, patients harbouring exon 19 deletions have a better prognosis than individuals harbouring an exon 21 L858R substitution (Zhang et al, 2014a) . In addition, it appears that among mKRAS patients, specific amino acid substitutions confer different behaviours to cancer cells. Hence, it seems that some cancer cells are dependent upon KRAS signalling for their survival, whereas others are not (Singh et al, 2009) . Moreover, several publications have shown that different KRAS amino acid substitutions are associated with different responses to chemotherapy (Janne et al, 2015; Mellema et al, 2015) , radiotherapy or different prognosis in resected NSCLC (Izar et al, 2014; Nadal et al, 2014; Renaud et al, 2015b) . In particular, we have previously shown that KRAS G12V mutations were associated with both worse OS and TTR compared with EGFR and WT groups (Renaud et al, 2015b) . Furthermore, we have observed that median OS and TTR vary depending on the specific KRAS amino acid substitution present. However, because of the small number of patients harbouring KRAS mutations other than G12C and G12V we were not able to perform a robust statistical analysis. Consequently, it is unsurprising that mutational status could predict site of recurrence and metastasis after NSCLC surgery.
To the best of our knowledge, our study is the first one to highlight that mutational status can predict the first site of disease recurrence and metastasis after NSCLC surgery. Indeed, we have shown that KRAS G12C and G12V transversions are predictive of bone and pleuro-pericardial metastasis, respectively, while the latter is inversely associated with lung recurrence. Furthermore, mEGFR was predictive of both liver and brain metastasis, whereas WT status predicts lung recurrence. These data are in agreement with previous findings (Shindoh et al, 2016) , which have shown that after metastasis of colorectal cancer to the liver, rates of further lung metastasis were significantly higher in patients with mKRAS. This observation may be attributed to the fact that different downstream signalling pathways might activate different receptors. For example, we have previously hypothesised that over-expression of C-X-C chemokine receptor type R may underlie the highly aggressive nature of NSCLCs with KRAS G12V transversions, and facilitate the production of chemotactic factors and migration to lymph nodes, vessels and distant organs (Renaud et al, 2015b) .
At the end of the 19th century, Stephen Paget developed the 'seed and soil' hypothesis, in which he concluded that some organs may provide a more fertile 'soil' for the development of metastatic 'seeds' (Auerbach, 1988) . This theory later evolved into the concept of the tumour microenvironment, which highlights the role of noncancerous stroma and the extracellular matrix in promoting the development of metastases (Wood et al, 2014) . Consequently, although more work is needed to more completely understand the ability of specific mutations to predict site-specific recurrence and metastasis, it is reasonable to hypothesise that the activation of different downstream signalling pathways may differentially alter the expression of cellular receptors, thereby 'leading' cancer cells to different organs based on the specific chemoattractants produced in individual tissue microenvironments. However, further in vitro and in vivo studies are required to address these speculations. Nevertheless, our study supports this idea, given that the TTRs of NSCLCs vary according to mutational status and site-specific recurrence and metastasis. Therefore, resected NSCLC specimens should be systematically screened for EGFR and KRAS mutations, and follow-up should be performed according to the specific defect (i.e., a focus on bone metastasis in the event of KRAS G12C mutations; a focus on liver and brain in the event of mEGFR; a focus on the pleura and pericardium in the event of KRAS G12V mutations; and a focus on the lungs in patients with WT). Finally, patients with mKRAS should be monitored more closely because of the shorter TTRs observed with the tumours.
It is important to note that our results must be interpreted with caution because of a few limitations of our study. First, this study is a retrospective cohort study of patients receiving treatment from a single medical centre. In addition, the studied population was heterogeneous and included patients with different stages of disease who received varying neo-adjuvant and adjuvant treatment regimens. Furthermore, the 'other KRAS mutations' group was highly heterogeneous and included numerous KRAS amino acid substitutions, all with different median TTRs. However, because of the very small number of KRAS mutations other than G12C or G12V, analyses were limited by low statistical power. Similarly, because only a small proportion of patients presented with mEGFR, detailed statistical analyses on the different mutations could not be performed. Consequently, we were unable to evaluate the prognostic and predictive values of these mutations.
In conclusion, this is the first study to evaluate the predictive value of individual mutations, particularly KRAS amino acid substitution, on the first site of NSCLC recurrence and metastasis following surgery. Our results indicate that physicians should always screen for EGFR and KRAS mutations, even in the case of resected NSCLCs, due to their prognostic values and ability to influence post-operative follow-up care. These clinical modifications may facilitate detection of NSCLC recurrence and metastasis in a timelier manner, thereby affording patients the benefits of locoregional treatment. However, our results must be interpreted with caution because of some limitations of our analysis, and prospective studies are necessary to confirm these preliminary results.
